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1. Introduction
Radiative and electroweak penguin B decays are sensitive to new physics (NP). These pro-
cesses are suppressed by Cabbibo-Kobayashi-Maskawa (CKM) matrix elements [1, 2], Vts or Vtd ,
and a loop factor in the SM. In NP models, unobserved heavy particles might be able to enter in
the loop, or might mediate the process even via tree level with comparable amplitudes to the SM
ones. Further, these processes are experimentally and theoretically clean due to final states having
color singlet leptons or photons. Thus, radiative and electroweak penguin B decays are ideal tools
to search for NP.
2. Evidence for Isospin Violation in B→ K∗γ
Radiative B→ K∗γ decay proceeds predominantly via one-loop electromagnetic penguin dia-
grams. This process is also possible via annihilation diagrams; however, the amplitudes are highly
suppressed by ΛQCD/mb and CKM matrix elements in the SM [3, 4]. Since heavy new particles
in NP could contributes to penguin diagrams and/or annihilation diagrams, the branching fractions
and direct CP violation (ACP) might differ from the SM predictions. NP contributions to annihi-
lation diagrams could be different between charged and neutral B mesons, the isospin differences
of the decay width (∆0+) and the ACP (∆ACP) are good probes to NP. The ∆0+, ACP and ∆ACP are
defined as,
∆0+ =
Γ(B0→ K∗0γ)−Γ(B+→ K∗+γ)
Γ(B0→ K∗0γ)+Γ(B+→ K∗+γ)
, (2.1)
ACP =
Γ(B¯→ K¯∗γ)−Γ(B→ K∗γ)
Γ(B¯→ K¯∗γ)+Γ(B→ K∗γ)
, (2.2)
∆ACP = ACP(B
+
→ K∗+γ)−ACP(B
0
→ K∗0γ), (2.3)
Predictions of the isospin asymmetry range from 2% to 8% with a typical uncertainty of 2% in the
SM [5, 6, 7, 8, 9, 10], while a large deviation from the SM predictions is possible due to NP [6, 8, 9].
ACP is predicted to be small in the SM [5, 9, 11, 12]; hence, a measurement of CP violation is a
good probe for NP [13]. The isospin difference of direct CP violation is theoretically discussed in
the context of inclusive B→ Xsγ process [14] but heretofore not in the exclusive B→K
∗γ channel;
however, ∆ACP here will be useful to identify NP once ACP is observed.
The current world averages of the isospin and direct CP asymmetries are ∆0+ = (+5.2±
2.6)%, ACP(B
0
→ K∗0γ) = (−0.2± 1.5)%, ACP(B
+
→ K∗+γ) = (+1.8± 2.9)% and ACP(B →
K∗γ) = (−0.3±1.7)% [15], respectively, which are consistent with predictions in the SM and give
strong constraints on NP [9, 12, 16, 17, 18]. The world averages of branching fractions are also
consistent with predictions within the SM [3, 5, 7, 9, 11, 19, 20, 21] and are used for constraining
NP [9, 12, 22]. This analysis supersedes our previous publication [23].
We reconstruct B0 → K∗0γ and B+ → K∗+γ decays, where K∗ is formed from K+pi−, K0S pi
0,
K+pi0 or K0S pi
+ combinations. The dominant background from continuum events is suppressed
using a multivariate analysis with a neural network [24] using inputs of event shape, kinematic,
and flavor tagging quality variables.
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To determine the branching fractions and direct CP asymmetries as well as ∆ACP and ∆0+, we
perform extended unbinned maximum likelihood fits to the seven Mbc distributions (Fig. 1) and the
results are
B(B0→ K∗0γ) = (3.96±0.07±0.14)×10−5,
B(B+→ K∗+γ) = (3.76±0.10±0.12)×10−5,
ACP(B
0
→ K∗0γ) = (−1.3±1.7±0.4)%,
ACP(B
+
→ K∗+γ) = (+1.1±2.3±0.3)%,
ACP(B→ K
∗γ) = (−0.4±1.4±0.3)%,
∆0+ = (+6.2±1.5±0.6±1.2)%,
∆ACP = (+2.4±2.8±0.5)%,
where the first uncertainty is statistical, the second is systematic, and the third for ∆0+ is due to
the uncertainty in f+−/ f00 [25]. We find evidence for isospin violation in B→ K
∗γ decays with a
significance of 3.1σ , and this result is consistent with the predictions in the SM [5, 6, 7, 8, 9, 10, 11].
The ACP and ∆ACP values are consistent with zero. All the measurements are the most precise to
date and will be used for constraining parameter space in NP models.
We also calculate the ratio of branching fractions of B0→K∗0γ to B0s → φγ , which is sensitive
to annihilation diagrams [6], based on the branching fraction measurement reported here and the
Belle result for the B(B0s → φγ) [26]. To cancel some systematic uncertainties, we take only the
K+pi− mode for the branching fractions for B0→ K∗0γ . The result is
B(B0→ K∗0γ)
B(B0s → φγ)
= 1.10±0.16±0.09±0.18,
where the first uncertainty is statistical, the second is systematic, and the third is due to the fraction
of B
(∗)0
s B¯
(∗)0
s production in ϒ(5S) decays. This result is consistent with predictions in the SM [6,
20].
3. Lepton Flavor Dependent Angular Analysis of B→ K∗ℓ+ℓ−
The b→ sℓ+ℓ− decays were observed by Belle Collaboration about 15 years before [27] which
opened new door to search for NP. The BF and forward-backward asymmetry as functions of
q2 in B → K∗ℓ+ℓ− are important observables for NP searches, and several experiments already
measured [28]. Full angular analysis of B→ K∗ℓ+ℓ− with optimized observables [29], which are
less sensitive to form factor uncertainties, are very powerful tools to search for NP. LHCb first
reported the results [31] and one of the observable, P′5, is deviated about 3.4 σ from a prediction
in the SM by DHMV [32] (There is a discussion in theory community that the deviation might
be able to be explained by charm-loop [33, 34, 35]). This could indicate NP contributions in
the b → sℓ+ℓ− process. Lepton flavor universality holds in the SM. The ratios of the branching
fractions of B→ K(∗)µ+µ− to B→ K(∗)e+e− (RK(∗) ) as a function of q
2 are unity except for very
low q2 region due to finite lepton mass effect. The RK(∗) measured by LHCb are deviated from the
SM predictions about 2.6σ [36, 37] and these could also suggest NP in the process. By a global
2
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Figure 1: Mbc distributions for (a) K
0
S pi
0, (b) K−pi+, (c) K+pi−, (d) K−pi0 (e) K+pi0, (f) K0S pi
− and (g) K0S pi
+.
The points with error bars show the data, the dashed (red) curves represent signal, the dotted-dashed (green)
curves are BB¯ background, the dotted (magenta) curves show total background, and solid (blue) curves are
the total.
fit to observables in b → sγ and b → sℓ+ℓ− including P′5 and RK(∗) , one of the Wilson coefficients
for muon, C9µ , is deviated about -1 from the SM prediction (or C
NP
9µ = −C
NP
10µ ∼ −0.6) while the
same for electron is consistent with the SM [38]. Thus, next analysis which should be performed
is lepton flavor universality in angular observables.
We measured the optimized observables P′4,5 using charged and neutral B → K
∗ℓ+ℓ− decays
separately for electron and muon modes, and then took the difference, Qi =P
µ
i −P
e
i [39]. Even with
full data, we expected only 300 signal events which is about 10 times smaller than that at LHCb,
the selection criteria should be optimized better than previous analysis [40]. We adopted neural
net based analysis to select signal candidates and to suppress backgrounds. Signal is extracted by
3
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fitting to Mbc distributions. We observed 127±15 and 185±17 signal events for electron and muon
modes, respectively. For full angular analysis, we adopted the folding method on angular variables,
θℓ, θK and φ , to extract optimized observables which LHCb performed in 2013 [31]. The fit results
for P′5 for electron, muon and combined cases are shown in Fig.2 (left) [41]. For combined case,
P′5 for 4< q
2 < 8 is about 2.5 σ deviated from a prediction by DHMV [32] and is consistent with
LHCb result [30]. The results for Q5 (Fig.2 (right)) are consistent with both the SM and the case for
CNP9µ =−1.1. Other observables, P
′
4 and Q4, are consistent with the SM predictions within errors.
Figure 2: P′5 (left) and Q5 (right) distributions in B→ K
∗ℓ+ℓ−.
4. Search for B→ hνν¯
The di-neutrino emission processes, B→ hνν¯ , are not observed yet [42, 43]. This loop process
is theoretically interesting since clean prediction is possible thanks to exact factorization and no
contributions from charm-loop diagrams [44, 45], and NP effects, such as C9 deviation, could be
correlated with b→ sℓ+ℓ− in some NPmodels [46]. Combined analysis of b→ sνν¯ and b→ sℓ+ℓ−
allows for new physics test with less form factor uncertainties [47]. Studies of these process can
be also used for searches for new light invisible particles (Xinv) B → hXinv or B → hXinvX¯inv [48].
Previous search at Belle used hadronic B tagging [43] while new measurement used semileptonic
tagging.
We searched for the B→ hνν¯ decays, where hadronic systems are pi0, pi+, K0S , K
+, ρ0, ρ+, K∗0
or K∗+. We reconstructed 108 exclusive semileptonic B decays as tagging side. Then, we required
momentum of h candidates in the center of mass frame to be 2.96 GeV > ph > 0.50 GeV. To
remove misidentified leptons from pions, invariant mass of K (K∗) and tag-side lepton is required
to be far from the D mass region. To suppress the continuum backgrounds, neutral net with input of
event shape and kinematic variables was used. The selection was optimized to maximize the figure-
of-merit. We chose extra energy in electromagnetic caloriemeter (EECL) as final discriminator as
shown in Fig. 3. Since the distributions are consistent with background, we set upper limits on the
decays as summarized in Tab. 1. We obtained world best limits for K0S , K
∗0, pi+, pi0, ρ0, ρ+ [49].
The limits on BFs for combined K∗ modes are just 2.8 times larger than theoretical predictions in
the SM [44], thus Belle II can observe the decay modes, and can measure the BF and longitudinal
polarization of K∗ with expected precisions of 10% and 20%, respectively [50].
4
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Figure 3: EECL distribution for B
+
→ K+νν¯ .
Table 1: 95% C.L. upper limits and predictions on the BFs for B→ hνν¯ in units of 10−6. The predictions
for K0S and K
∗+ are obtained from the ones for K+ and K∗0 corrected by lifetime ratio of charged to neutral
B mesons.
h Had. tag [43] SL tag [49] predictions [44]
K+ 55 19 3.98±0.43±0.19
K0S 97 13 1.85±0.20±0.09
K∗+ 40 61 9.89±0.93±0.54
K∗0 55 18 9.19±0.86±0.50
pi+ 98 14 –
pi0 69 9 –
ρ+ 213 30 –
ρ0 208 40 –
φ 127 – –
K – 16 3.84±0.41±0.18
K∗ – 27 9.54±0.89±0.52
pi – 8 –
ρ – 28 –
5. Summary
We have studies radiative and electroweak penguin processes with full data set at Belle ex-
periment. We observed evidence for isospin violation in B → K∗γ decay for the first time. The
measured P′5 observable for 4< q
2 < 8 is deviated about 2.5 σ from the SM prediction by DHMV
while the Q5 is consistent with both the SM and NP case forC
NP
9µ =−1.1. The obtained upper limit
for B → K∗νν is just 2.7 times larger than theoretical prediction, thus Belle II observe the decay
modes and can measure the BF and the longitudinal polarization of K∗.
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